The paper deals with the study on the use of the Fenton and photo-Fenton process for the treatment of landfill leachates from a stabilized landfill site. The effluents were characterized by pH of 8.1, color: 1320 mg Pt/L, COD of 1670 mg/L, of BOD 5 155 mg/L, conductivity of 10.3 mS/cm, absorbance of UV 254 0.332 and turbidity of 11 NTU. It has been shown that by using Fe(II) and hydrogen peroxide in the Fenton reaction, the organic compounds expressed as COD can be efficiently removed from the effluents. The process was carried out at various doses of H 2 O 2 and Fe(II), using different reaction times in the Fenton process and different times of exposure in the photo-Fenton process. The best conditions for the Fenton process were obtained with a Fe/COD ratio of 1.4 and a H 2 O 2 /Fe molar ratio of 3.2. Under these conditions, the removal efficiency of COD was 85.8%. It was also shown that additional UV irradiation of leachate in the so-called photo-Fenton process and the use of appropriate hydrogen peroxide dosing conditions, can increase the effectiveness of COD removal. The maximum effect of COD removal in the photo-Fenton process was 70.7% at a dose of H 2 O 2 3.3 g/L and a dose of Fe(II) of 0.6g Fe/L. An additional advantage of the photo-Fenton process is the ability to shorten the reaction time and reduce the dose of iron, which can thus reduce the amount of deposits generated.
INTRODUCTION
Many technological processes such as coagulation, chemical oxidation, reverse osmosis and ultrafiltration, biological methods as well as deep oxidation methods in which highly reactive free radicals HO
• with high oxidation and reduction potential are generated, are used for the treatment of landfill leachates. These radicals act non-selectively and react quickly with many impurities, including hardly decomposable organic compounds [Wiszniowski et 
In the final stage, following reaction takes place:
The resulting Fe 3+ can be re-converted to Fe
The Fenton process can be effectively used to directly remove many impurities. As a result of oxidation, some organic compounds may be converted into more readily biodegradable forms, which enables their further disposal, e.g. by bio-logical methods [Peres et al. 2004 , Krzemińska et al. 2013 ]. According to Yoon et al. [1998] , coagulation plays a fundamental role in removing the organic impurities from leachates by the Fenton method. Kang et al. [2000] found that the most significant effect on COD removal in the Fenton process is the Fe(II) dose and the pH, at which the process is carried out.
The Fenton reaction is a recognized method allowing for the removal of color and organic impurities as well as improvement of biodegradation conditions of resistant contaminants present in the leachates from stabilized landfills [Deng et al. 2006 , Peres et al. 2004 .
Degradation of organic contaminants can be increased in so-called photo-Fenton process, using additional UV irradiation in the reaction of hydrogen peroxide with iron (II). Moreover, the photo-Fenton process leads to the reduction of Fe(III) to Fe(II) to form additional hydroxyl radicals by means of photolysis according to the following reaction [ The resulting Fe(II) reacts quickly with H 2 O 2 , which leads to the formation of HO
• radicals. In the photo-Fenton process, radicals are also formed by reaction [Kurniawan et al. 2006 ]:
The results of the research, in particular by Kim et al. [1997] , indicate better efficiency of purification of leachates treated additionally with UV radiation. At a specific energy input, the oxidation rate was increased to six times the rate without radiation. Furthermore, due to the regeneration of the consumed Fe 2+ ions through the irradiation, the amount of ferrous salt to be added can be remarkably reduced.
The purpose of this study was to determine the effectiveness of removing the organic contamination, expressed as the COD indicator, in the stabilized landfill leachate using the classic Fenton reaction and photo-Fenton process.
MATERIAL AND ANALYTICAL METHODS
The leachate samples for the analyses originated from a solid waste landfill located in the north-eastern part of Poland. The leachate for testing was characterized by an average color of 1320 mg/L, COD value of 1670 mg/L, absorbance of UV 254 0.332, low turbidity of 11 NTU and BOD 5 value of 155 mg/L, while it exhibited a high content of dissolved substances (conductivity 10.3 mS/cm). The characteristics of basic indicators of the leachate tested are summarized in Table 1 . According to the adopted indicators developed by Kang et al. [2002] , the determined BOD 5 /COD ratio of 0.09 in raw leachates indicates a stabilized landfill.
In the technological studies, a 20% solution of FeSO 4 × 7H 2 O and a 30% hydrogen peroxide were used, whereas H 2 SO 4 95-97% (w/w) and NaOH were used for neutralization.
The true color was measured with PlatinumCobalt (PtCo color unit) standard method using Hach DR/4000 Spectrophotometer. The biological oxygen demand was measured applying the respirometric method by measuring oxygen pressure decrease using Oxitop bottles. A multifunction WTW inoLab Multi 9310 IDS instrument was used to analyze the pH, conductivity and temperature. The optical absorption spectra (200-800 nm) and ultraviolet absorbance at 254 nm (UV 254 absorbance) was measured with a spectrophotometer Merck Pharo 300. The TOC measurements were performed using Analytik Jena TOC multi NC3100 instrument. Other analyses were performed according to Standard Methods [APHA 1998 ]. In order to report the COD concentration of the treated samples, the interferences caused by residual H 2 O 2 were avoided, in line with Kang et al. [1998] . The H 2 O 2 concentration was determined with iodometric method [Klassen et al. 1994 ]. The removal efficiency of COD was calculated using the following equation:
( )
where: C i and C f refer to the COD in the landfill leachate before and after the reaction, respectively.
The basic statistic analysis included the calculation of the mean value and standard deviation.
The test values are presented as the average of the three measurements, and the standard deviations of measured data were below 5%.
EXPERIMENTAL PROCEDURES
In the Fenton process, the total sample volume in the reactor was 0.5 L. In the first phase of experiment, the effluents were adjusted to the appropriate pH using H 2 SO 4 , followed by iron (II) sulfate and hydrogen peroxide dosing. A sample of effluents and reactants was mixed intensively in the reactor with a magnetic stirrer for 20 seconds at a speed of 110 rpm, then slowly for 90 minutes with an the speed of approximately 30 rpm. After slow stirring, the samples were neutralized to pH 8 using a NaOH solution, again stirred and allowed to sediment for 90 min.
The effect of iron (II) and hydrogen peroxide, reaction time and the method of hydrogen peroxide dosing were studied in the Fenton reaction. The quantities of Fe 2+ ions, H 2 O 2 and pH 3 taken during the experiment were determined based on the literature data and previously conducted author's own research. In each research series, iron (II) was used in the doses of: 0.3, 0.6, 0.9, 1.4 and 2.3 g Fe/L, and doses of hydrogen peroxide, in each series respectively: 0.3, 0.6, 0.9, 1.5, 2.1, 2.7, 3.3, 3.9 and 4.5 g H 2 O 2 /L.
In the photo-Fenton process, the experiment was carried out using the same process conditions and pH as in the Fenton process. The tests were carried out at a constant dose of H 2 O 2 3.3 g/L and two selected doses of iron (II), i.e. 0.3 and 0.6 g/L. The samples were tested at specific intervals, namely 15, 30, 60, 90 and 120 minutes. Additionally, in the photo-Fenton process, the samples of effluents were irradiated in a UV reactor. The reactor system consisted of a low-pressure 11 W UV lamp placed in a protective tube made of quartz glass, a magnetic stirrer and a cooling system. The dimensions of the reactor were 7.5 cm in diameter and 30 cm in length, respectively. The experiment was carried out at room temperature of 25°C. Before determination of COD, the samples were filtered through 0.45 μm pore size filters.
RESULTS AND DISCUSSION

Conventional Fenton Treatment
Due to the adopted doses of Fe(II) and the COD value in raw effluents, the Fe/COD ratio was in the range of 0.18-1.38. In their research, Primo et al. [2008] showed that the value of this coefficient over 0.33 does not bring such a significant increase in the effect of COD removal. [2006] state that in the Fenton process, the dose of hydrogen peroxide turns out to be decisive, and the theoretical COD to H 2 O 2 ratio is 470.6/1000. Due to the COD value in the effluents prior to the process 1670 mg/L and the H 2 O 2 dose accepted for the study, the H 2 O 2 /COD ratio was in the range from 0.2 to 2.7. The effect of COD removal after the process, depending on the iron (II) and hydrogen peroxide dose, is shown in Figure 1 .
After the Fenton process, the value of impurities expressed as COD varied depending on the dose of hydrogen peroxide and iron (II) from 1069 to 772 mg/L at a dose of 0.3 to 3.9 g H 2 O 2 /L, with the lowest iron (II) dose, i.e. 0.3 g Fe/L and from 735 to 227 mg/L at the highest iron (II) dose of 2.3 g Fe/L. Regarding the values obtained, the effect of COD removal was 36-53.8% and 56-86.4%, respectively. The studies showed that the greatest influence of reagents on the increase in COD removal efficiency was recorded at a H 2 O 2 /Fe molar ratio of 1.5. Above this value, research series, i.e. in the range of Fe(II) doses applied, from 0.6 to 2.3 g Fe/L, no further significant increase in COD removal efficiency was noted in the individual. On the other hand, with the lowest iron (II) dose of 0.3 g Fe/L, the intensity of COD removal decreased above the molar ratio H 2 O 2 /Fe = 8.2.
Effect of Photo-Fenton
The effectiveness of COD removal in the photo-Fenton process was tested, depending on the iron dose with a constant content of hydrogen peroxide. In addition, an experiment was performed in which the dose of H 2 O 2 was divided and introduced in three equal time intervals, i.e. The maximum COD removal effect of 62% occurred at a molar ratio of H 2 O 2 /Fe = 18 and reaction time of 90 min., while at H 2 O 2 /Fe = 9 molar ratio, the largest reduction in COD of 70.7% was recorded with a reaction time of 120 min. Nevertheless, compared to the classic Fenton reaction, a higher intensity of COD removal was observed with a much shorter reaction time in the photoFenton process. Therefore, with a dose of H 2 O 2 3.3 g/L and Fe(II) 0.3 g Fe/L, the maximum effect of COD removal was recorded already at the reaction time of 60 minutes, while at the iron (II) dose 0.6 g Fe/L, 66.4% COD was removed after 30 minutes of reaction. In the case of the photoFenton method, the H 2 O 2 dosing method was also significant, i.e. with a H 2 O 2 /Fe molar ratio of 9 and a reaction time of 90% and 120 minutes 5% and 7.3% higher COD reduction was obtained, respectively, as in the case of a single dose of hydrogen peroxide.
CONCLUSIONS
1. The obtained research results indicate the possibility of treating the leachate from a stabilized solid waste landfill using both the classic Fenton reaction and the UV-assisted process.
In addition, the pre-treatment of leachate using the Fenton reaction is a relatively simple process, which does not require the use of advanced equipment. 2. In the studies using the Fenton reaction, the effectiveness of COD removal was found depending on the dose of hydrogen peroxide and the amount of iron (II), with the highest efficiency of COD removal 85.8% obtained at a dose of H 2 O 2 4.5 g/L and Fe(II) 2.3 g/L. 3. The photo-Fenton process is an effective method for the degradation of organic pollutants, expressed by the COD indicator, present in the effluents from a stabilized landfill site. The use of the additional irradiation during the Fenton reaction influenced not only the increase in the COD removal efficiency, but also the intensity of the process. In this case, the maximum effect was recorded at a much shorter reaction time, i.e. after just 30 and 60 minutes of irradiation. The studies also showed that the method of dosing the hydrogen peroxide also influences the effectiveness of the process. The maximum effect of COD removal (70.7%) in the photo-Fenton process was observed at a molar ratio H 2 O 2 /Fe = 9 and a reaction time of 120 min. At the same time, by changing the H 2 O 2 dosing method, the COD removal effect increased to 78%.
